Abstract -An evaluation of changes in the snow cover in mountainous basins in Slovakia and a validation of MODIS satellite images are provided in this paper. An analysis of the changes in snow cover was given by evaluating changes in the snow depth, the duration of the snow cover, and the simulated snow water equivalent in a daily time step using a conceptual hydrological rainfall-runoff model with lumped parameters. These values were compared with the available measured data at climate stations. The changes in the snow cover and the simulated snow water equivalent were estimated by trend analysis; its significance was tested using the Mann-Kendall test. Also, the satellite images were compared with the available measured data. From the results, it is possible to see a decrease in the snow depth and the snow water equivalent from 1961-2010 in all the months of the winter season, and significant decreasing trends were indicated in the months of December, January and February.
INTRODUCTION
Snow cover is a very important part of a hydrological balance. The most important value of snow is the snow water equivalent (SWE). The snow water equivalent is the value of the amount of water in snow. Knowledge of the temporal and spatial variability of SWE is significant for the correct assessment and prediction of runoff from snow melting processes.
Snow data is rarely available in Slovakia from the second half of the 19 th century, but it is regularly available from the second half of the 20 th century from standard rain gauge stations. The measured data include the height of the snow cover, the date of the first and last days with snow cover, the duration of the snow cover, the snow water equivalent, etc.
Several authors investigated the spatial and temporal changes in the snow depths, and the density of the snow cover, the spatial and temporal changes in snow water equivalent, the impact of vegetation during the snow melt, and the impact of vegetation and catchment characteristic on hydrological balance (Hood -Hayashi 2010 , Kuchment et al. 2010 , Artan et al. 2013 , and also several authors in Slovakia (Holko 2000 , Holko et al. 2011 , Pekárová et al. 2009 , Gaál et al. 2012 . Another authors in Slovakia have used rainfall-runoff models for modelling extreme runoff from snow melt in river basins (Holko 2000) . They used models such as the UEB EHZ model (Holko et al. 2005) , the WaSiM-ETH model, or the HBV model with semi-distributed parameters (Parajka 2001 , Halmová et al. 2006 , Lapin et al. 2007 , Danko et al. 2010 .
Snow is a main element of stream flow in alpine basins, and quantifying snow depth and its distribution is important for hydrological modelling. In this paper we analysed the changes in snow storage during recent decades in alpine basin, the upper Hron River basin. The analysis was performing by assessing changes in snow duration and changes in the simulated snow water equivalent by hydrological modelling using the rainfall-runoff model Hron. The significance of the changes was evaluated by a trend analysis.
In the individual chapters of this paper we describe the input data, the concept and parameters of the rainfall-runoff model Hron, the methodology for assessing the duration of the snow cover measured in selected climate stations, a simulation of the snow water, the results of the assessment of any changes in the snow duration and simulated SWE for the period 1961-2010, and the identification of any trends in snow duration and the SWE for the months from November to April.
In 3.3. chapter we describe another source of snow data, i.e., the satellite images of the Moderate Resolution Imaging Spectroradiometer (MODIS) snow product. These data were evaluated and validated by measured data from 2000-2010 in five climate stations. The overall degree of agreement and the misclassifications were evaluated and filtered for increasing the accuracy of the satellite images.
INPUT DATA
The river basin analysed in this paper is the upper Hron River basin with its outlet at Banská Bystrica. The Hron River is the second longest river in Slovakia; its length is 298 km. It has a snow-rain runoff regime; the highest mean monthly flows occur in April and the lowest mean monthly flows in January and February. The catchment belongs to a cold and wet climate region; the highest measured mean daily air temperature is 29°C; the mean annual air temperature is between 4 and 5°C; the highest average monthly air temperature is between 14 and 16°C; and the lowest average monthly air temperature is between -4 and -6°C (Pekárová -Szolgay 2005) .
The data representing the snow cover included measurement of the daily data of the snow depths and the weekly data of the snow water equivalent at 5 climate stations on the Hron river basin from the period 1961-2010. The input data for modelling the basin's snow water equivalent by the rainfall-runoff model were daily rainfall data from 23 rain gauge stations, the mean daily values of the air temperature from 6 climate stations, and the mean daily discharges in the profile of Banská Bystrica for the period 1961-2010. The basin's daily rainfall was processed by the interpolation method of inverse distance weighting; the basin's average air temperature values were calculated by linear regression between the stations' mean daily air temperatures and the altitudes of the climate stations. The daily evapotranspiration values were calculated by the Blaney-Criddle method (Parajka et al. 2003) . The calculations were based on the basin's average daily air temperature and the sunshine index of the river basin.
Satellite images of the Moderate Resolution Imaging Spectroradiometer (MODIS) snow product were available from the official website of the National Snow and Ice Data Centre (http://nsidc.org/) in a daily time step from 2000-2010. These data were obtained from the MODIS sensor on the Aqua and Terra satellites of NASA's Earth Observing System (EOS). The spatial resolution of the data was 500 m.
The list of climate stations with the available measured data of the snow depths and snow water equivalent is in Table 1 , and their location is in Figure 1 . 
Changes in duration of snow
The changes in snow cover from 1961-2010 were estimated by an analysis of the measured snow depth and its duration in the individual years and climate stations. In every year we totaled the number of days with a measurable snow depth. The data with values lower than 0.5 cm of snow depth we considered to be statistically irrelevant; therefore, only days with values higher than 0.5 cm of snow depth were taken into account. The significance of the trend at the 95% level of significance was tested using the MannKendall test. The Mann-Kendall test, which is one of the many methods used to detect trends, is the most widely used test. It is a non-parametric test which has the ability to deal with nonnormalities, e.g., missing values. Its disadvantages include results that are not as strong as parametric tests.
Changes in snow water equivalent
The snow water equivalent was simulated by a rainfall-runoff model with lumped parameters. Its changes were assessed by a trend analysis, and the significance of the trends was tested using the Mann-Kendall test.
The rainfall-runoff model Hron
The model Hron is a rainfall-runoff model developed at the Department of Land and Water Resources Management of the Faculty of Civil Engineering of Slovak University of Technology in Bratislava (Kubeš 2007 , Kubeš -Hlavčová 2002 . The structure of this model is derived from the concept of the HBV model (Bergström 1976 (Bergström , 1992 . This is a conceptual model with lumped parameters, which divides a river basin into 2 linear or nonlinear reservoirs according to the scheme in Figure 2 . Figure 2 . Scheme of the rainfall-runoff model Hron (Valent et al. 2011) The model works in an hourly or daily time step and has three sub-models. The first submodel is a snow sub-model for the simulation of snow accumulation and melting. The second, a soil sub-model, simulates the amount of water in soil and the actual evapotranspiration. The third, a runoff sub-model, simulates the transformation of the runoff in a river basin, respectively, the transformation of the flow in a river bed.
The manual or automatic calibration of model parameters is based on genetic algorithms or harmonic searching as well as on several objective functions for assessments of the reliability of the model's calibration. The actual version of the model Hron is programmatically processed in Matlab (Valent et al. 2011 ).
The 
Calibration of model parameters
The aim of modelling the hydrological processes by the rainfall-runoff model Hron was to obtain the simulated daily values of the snow water equivalent. The reliability of the calibration of the model parameters using genetic algorithms was assessed by 1) compliance of the simulated and measured mean daily discharges in the basin outlet by the Nash-Sutcliffe coefficient; 2) validation with other samples of data by the differential split-sample test; and 3) comparison of the simulated and measured values of SWE.
In the process of calibrating the model parameters, the whole period of 1961-2010 was divided into five shorter periods, i.e., decades (starting in June 1961), for increasing the reliability of the simulated SWE in each decade. The parameters of the model were calibrated individually for each decade, and other decades were used for the validation of the model's parameters.
It was assumed that the SWE values obtained by the simulation with the parameters calibrated for the decades are more reliable than the values obtained by the simulation with the parameters calibrated for the whole 50 years. Therefore, the representative series of the snow water equivalent (the most reliable) was created by a combination of the simulated SWE from the decades with the calibrated parameters of each decade. The other series were created by a simulation of the period 1961-2010 with the parameters calibrated step by step from the first, second, third, fourth, and fifth decades. The next step was the validation of the simulated SWE with the measured data. We compared the simulated daily values from the representative SWE series, which represents the basin's average data, with the measured basin's SWE averages. The basin's SWE averages were calculated from the measured SWE values at the climate stations by linear regression with the altitudes of the climate stations.
Finally, the changes in the simulated snow water equivalents in the basin were assessed by the trend analysis, and the significance of the trends was tested using the Mann-Kendall test.
Validation of the MODIS satellite data
The accuracy of the MODIS data was compared with the data measured from the area studied (Hall -Rigss 2007 , Mauer et al. 2003 . Two types of errors were evaluated in this validation. The sum of the misclassification of snow as land was divided by the total number of cloudfree days in percentages -the underestimation error; and the sum of the misclassification of land as snow was divided by the total number of cloud-free days in percentages -the overestimation error. The sum of correctly classified days (snow, snow and no snow, no snow) divided by the total number of cloud-free days in percentages represents the overall degree of agreement , 2008a , b, Parajka et al. 2012 .
Subsequently, the temporal filtering of the MODIS images was used to increase the accuracy of the images. The pixels classified as clouds were replaced by the values of the same cells of the previous day to decrease these pixels. So, a pixel classified as a cloud was replaced by a pixel value if the pixel of the previous day was snow or land. Various time steps were used for the temporal filtering. Next, the MODIS data were compared with the measured data. The overall degree of agreement, underestimation and overestimation were calculated for all the decades at each station in all the months of the winter season.
RESULTS

Duration of snow cover
A graphic illustration of the changes in snow duration for the period 1961-2010 at 5 climate stations on the Hron River basin is shown in Figures 3-7 . The graphs demonstrate the decreasing trend in the duration of the snow cover at 4 stations and the increasing trend at the Banská Bystrica climate station. The significance of the increasing and decreasing trends at the 95% level of significance was tested using the Mann-Kendall test. 
. The duration of the snow cover at the Chopok climate station
We can see a decreasing trend in the duration of the days with snow cover, but no significantly trend were detected using the Mann-Kendall test.
Simulation of snow water equivalent
Calibration and validation of model parameters
It was mentioned that the parameters of the model were calibrated individually for each decade, and other decades were used for the validation of the model's parameters. The values achieved of the Nash-Sutcliffe coefficient are listed in Table 2 . The next step was the validation of the simulated SWE with the measured data. From the comparison of the simulated daily values from the representative SWE series with the measured basin's SWE averages, we can see a satisfactory compliance between the simulated and measured daily SWE values. Some differences could be caused by a problematic determination of the basin's average value of the measured SWE, which was caused by the missing data in some climate stations. As illustration, a comparison of the measured and simulated basin's SWE for the period 's 1981 's -1990 's (Figure 8) and 1991 's -2000 (Figure 9 ) are presented here.
Figure 8. Comparison of the measured and simulated basin's SWE for the period 1981-1990 Figure 9. Comparison of the measured and simulated basin's SWE for the period 1991-2000
The changes in the simulated snow water equivalents in the basin were assessed by the trend analysis, and the significance of the trends was tested using the Mann-Kendall test (Table 4) . From the table we can see a statistically confirmed significant trend at the 95% level of significance in some months. From the results it is possible to indicate a decrease in the snow water equivalent on the upper Hron River basin in the period of 1961-2010 in all the months of the winter season, and significantly decreasing trends were indicated in the months of December, January and February. 
MODIS satellite images
In this part of the study the validation of the MODIS data by comparing it with the measured data from the study area was provided. Next, the temporal filtering of the MODIS images was applied to increase the accuracy of the images. Finally, the MODIS data were compared with the measured data.
Validation of the MODIS satellite images
The monthly values of the overall degree of agreement of the MODIS satellite images are shown in Table 5 , and the yearly values of the accuracy index of the overall agreement and misclassification of the original MODIS data are shown in Table 6 . Subsequently, the temporal filtering of the MODIS images was used to increase the accuracy of the images. Next, the MODIS data were compared with the measured data. The overall degree of agreement, underestimation and overestimation were estimated for all the decades in each station in all the months of the winter season (Tables 7-12 ). The mean value of the overall degree of the agreement of the original satellite images is 85.4%; the overestimation is 9.1%; and the underestimation of the images is 1.1%. After the temporal filtering, these values were changed. Overall, the values of the overall degree of the agreement has not changed significantly, but the mean value of the underestimation was changed by 0.25%, and the mean value of the overestimation after the temporal filtering in the 1-3 day time step was changed by more than 1% -the misclassification of snow as land is increasing, but the misclassification of land as snow is approximately the same (ParajkaBlöschl 2008a , Marchane et al. 2014 ). In our future work, we expect higher values of the overall degree of the filtered satellite images by a combination of temporal and spatial filtering.
DISCUSSION AND CONCLUSIONS
Snow cover is a significant natural phenomenon; precipitation is accumulated during some months in the winter season and then is released in a very short time. This has quantitative and qualitative impacts on the water cycle.
In this paper the changes in the duration of the snow cover were evaluated in the period of the hydrological years of 1962-2010. This assessment was conducted using measured data from the five climate stations in the upper Hron River basin from different elevations. From the comparison, we can see a decreasing trend in the duration of the days with snow cover and, according to the Mann-Kendall statistical test.
Next in this paper we focused on an assessment of the changes in the snow water equivalent values in the upper Hron River basin in the period of 1961-2010. In the catchment we simulated the daily values of the SWE by the rainfall-runoff model Hron with lumped parameters. The period of 1961-2010 was divided into five decades; they were particularly calibrated, and the other years were used for the validation of the parameters of the model Hron. In this way we wanted to review the impact of the changed parameters of the simulated values of the SWE.
From the Nash-Sutcliffe (NS) values we can see higher values of NS in every calibrated decade than in the validated periods, except for the period of [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] . No significant change of the model's parameters was detected over time. We assume that the state variables of the model obtained by simulating a shorter period are more reliable than the simulated values obtained with the simulated parameters calibrated for the entire period of 50 years.
From the comparison of the basic SWE statistics simulated from the whole period of 1961-2010 with the different sets of model parameters calibrated, we can state that the different sets of model parameters had an effect on the simulated SWE values in the individual months. Therefore, for the final analysis we selected the simulated SWE achieved from the simulations of the individual decades with each of their own calibrated parameters. These values of the "representative" simulated SWE were also consistent with the measured basin's values, which were estimated from the available measured SWE data from the climate stations in the basin.
The changes in the representative simulated SWE were evaluated by the trend analysis in the individual months, and the statistical significance of the trends was assessed by the MannKendall statistical test. From the results it is possible to demonstrate a decrease in the SWE on the upper Hron River basin in the period of 1961-2010 in all the months of the winter season, and significant decreasing trends were indicated in months of December, January and February.
Finally, for our future work we evaluated and validated the MODIS satellite images and evaluated the accuracy of the MODIS snow data. These data were compared with the measured data in the area of interest, and the index of the accuracy, the overall degree of the agreement, and the misclassifications of the sensor were determined. The mean value of the overall degree of agreement of the original satellite images for the winter seasons was 85.4%; the overestimation was 9.1%; and the underestimation of the images was 1.1%. After the temporal filtering, the misclassification of snow as land was increased, but the misclassification of land as snow was approximately the same.
